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Abstract 
In this paper, a prototype open loop air-based building integrated photovoltaic thermal BIPV/T system with a single 
inlet is studied through a comprehensive series of experiments in a full scale solar simulator recently built at 
Concordia University. A numerical control volume model is developed and validated based on the results from the 
experiments. Improved designs of the BIPV/T system with multiple inlets and other means of heat transfer 
enhancement are studied through simulations. Simulation results indicate that the application of two inlets on a 
BIPV/T collector increase thermal efficiency by around 5% and increase electrical efficiency marginally. An added 
vertical glazed solar air collector improves the thermal efficiency significantly, and the improvement is more 
significant with wire mesh packing in the collector.  
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1. Introduction 
Building-integrated photovoltaic/thermal (BIPV/T) systems can be readily integrated with building 
envelopes and with HVAC systems while producing simultaneously electricity and useful thermal energy. 
The BIPV/T systems not only actively capture the solar radiation, but may also reduce the heating and 
cooling loads of the built environment compared to conventional building envelope elements [1, 2].   
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Nomenclature 
cp  specific heat of air, J/(kg K) 
dx  length of a control volume, m 
Dh  hydraulic diameter 
F  view factor 
G solar radiation, W/m2 
h  heat transfer coefficient, W/(m2 K) 
m mass flow rate of air, kg/s 
Pelec electricity production  
Qair heat absorbed by air  
R  thermal resistance 
T  temperature 
Greek letters 
α absorptance of PV module 
ɛ  emissivity  
σ  Stefan-Boltzmann constant 
Subscripts 
mix  the layers of backing substrate, Tefzel, adhesive and steel sheet in the PV module 
insu  insulation 
plate  back surface of the PV module 
top  heat transfer between air and the PV module 
bot  heat transfer between air and the insulation 
 
Among the most commonly used working fluids, water-based BIPV/T systems are mainly studied for 
regions with a warm climate, such as Hefei [3] and Hong Kong, China [4]. A dual-function BIPV/T 
collector [3] is used to provide passive space heating in winter, and water heating in warm seasons 
through natural circulation. A finite difference model considering characteristics of both the collector and 
the building integration, was developed [3]. This model was further validated with field experiments. The 
natural water circulation was found more efficient than forced water circulation in terms of system 
thermal performance. The annual thermal and electrical efficiency reached 37.5% and 9.39%  
respectively under the climate of Hong Kong. In addition, the BIPV/T system brought overall heat 
transmission down to 38% of that of the conventional building wall.  
Air-based BIPV/T systems, on the other hand, are studied in both cold and warm regions. Chen et al. 
[5] presented an air-based open-loop BIPV/T system that was thermally coupled with a ventilated 
concrete slab in a prefabricated, two-storey detached low energy solar house in Quebec, Canada. It was 
found that a BIPV/T system can significantly lower the temperature of PV panels and showed great 
potential in assisting space heating. Athienitis et al. [6] developed a prototype BIPV/T system that was 
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integrated with unglazed transpired collector (UTC). The value of energy generated by the BIPV/T 
system was between 7% and 17% higher than the UTC covering the same area, assuming that electricity 
is at least four times more valuable than heat. The concept of this prototype formed the foundation for the 
JMSB (John Molson School of Business) building demonstration project, in which 384 building-
integrated PV modules cover 70% of the UTC area. The BIPV/T system, not only acts as the building 
facade of the building, but also generates up to 25kW electricity and 75kW heat for preheating ventilation 
fresh air. 
In open-loop air-cooled BIPV/T systems which often involve large-scale PV areas, the temperature of 
PV arrays can rise to high values (exceeding 70ºC), resulting in significant decrease in electricity 
efficiency and degradation of PV panels with time. It is desirable to enhance heat removal from the PV 
panels by using multiple inlets instead of a single inlet. The introduction of extra inlets breaks the air 
boundary layer and thus increases the heat transfer coefficient. In winter, the air outlet temperature can be 
further increased by adding a vertical glazed air collector section packed with wire mesh. The vertical 
glazed section takes advantage of the low winter sun altitude, resulting in significant air temperature 
increase. This paper considers several designs as follows:  
1. A prototype BIPV/T system consisting of a single inlet studied previously outdoors by Candanedo 
et al. [7] is studied through a comprehensive series of experiments in a full scale solar simulator 
recently built in Concordia University. This collector simulates the BIPV/T system in the EcoTerra 
house [5] which has a metal roof with amorphous silicon photovoltaic panels, with outdoor air 
passed through a cavity under the metal layer, extracting heat from both the BIPV/T top layer 
consisting the PV and metal layers. The prototype is half the length of the EcoTerra roof (2.8m long 
versus 5.6m long for EcoTerra) and can be tested at different angles in the solar simulator. A 
numerical control volume model is developed and validated based on the results from the solar 
simulator.  
2. Improved designs with multiple inlets and other means of heat transfer enhancement are studied 
through simulations. In the design as shown in Fig.1, air is drawn from two inlets in the BIPV/T 
section connected in series with a vertical glazed collector section packed with wire mesh.  
 
Fig. 1.  Schematic of the two-inlet BIPV/T system connected in series with glazed air collector packed with wire mesh 
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2. Experiments in the Solar Simulator and Environmental Chamber Laboratory 
The experiments with the amorphous BIPV/T system prototype were carried out in a recently opened 
Solar Simulator and Environmental Chamber Laboratory at Concordia University in Montreal as shown 
in Fig. 2(a). The lamp field consisting of eight special metal halide (MHG) lamps with an artificial sky 
illuminates the test area. To simulate natural sunlight, the lamps provide a spectral distribution in 
accordance with relevant standards. Fig.2 (b) shows the solar simulator testing the BIPV/T collector at a 
tilt angle of 45°.  
A total of forty-eight special limit T-type thermocouples were distributed in the system. Eleven 
thermocouples were attached under the center of each PV cell; another eleven were installed onto the 
insulation surface (see Fig. 1 for general concept, but with a single inlet). Fourteen thermocouples 
measure the air temperature in the channel, and another twelve were placed on top of the PV to measure 
the temperature just above the collector. Fig.2 (c) shows the positions of the thermocouples. Artificial 
wind is blown parallel to the collector from the inlet side to the top. 
  
Fig. 2. (a) BIPV/T air collector (in blue rectangle) tested horizontally in the solar simulator (in red rectangle) and air collector 
testing platform (in green rectangle) ; (b) BIPV/T system tested at 45 degrees slope; (c) Thermocouple positions in the BIPV/T 
collector (The red dots represent thermocouples attached under the PV cells and onto the insulation; the gray dots represent 
thermocouples in the BIPV/T channel) 
Flowing air in the BIPV/T system extracts heat from both the top and bottom surfaces of the cavity of 
the BIPV/T system. The total thermal energy taken away by the air in each control volume is given by  
)( inoutpair TTcmQ    (1) 
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The bottom surface of the cavity receives radiative energy from the top surface of the cavity. The 
radiative heat gain by the bottom surface is discharged to air, assuming that heat conduction through the 
insulation is negligible. Thus, we have 
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(2) 
Convective heat transfer from the top surface to air is given by 
wdxTThwdx
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(3) 
The hot PV module releases heat into the ambient through both radiative and convective heat transfer. 
The combined radiative and convective heat transfer coefficient was decided by 
airelecwindpvambient QPwdxGwdxTTh   D)(  (4) 
 
Curve fitting was performed on the temperature readings of PV, air and insulation. Experimental data 
were fitted in an exponential formula listed as below: 
CeAxT B
x
  )1()(  (5) 
where x denotes the distance away from the inlet.  
Fig.3 is an example of fitted temperatures when the incident solar radiation was 1080 W/m2, the 
average wind speed was 1.6 m/s and the average air speed in the BIPV/T channel was set at 0.26 m/s. 
Note that air temperature shows a sudden rise at the second node, which was caused by the entrance 
effect. 
 
Fig.3. Curve fitting of the temperatures of PV, insulation and air 
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The heat transfer coefficients between air and the top and bottom surfaces of the BIPV/T channel tilted at 
45 degrees are given below. They are presented in the form of  local Nusselt numbers as follows: 
In the turbulent region we have:  
85.377.08.285.377.0 PrRe061.0PrRe188.8)(
2.0
  hD
x
top exNu          9500Re2300   (6) 
 
73.2107.158.1573.2107.1 PrRe005.0PrRe973.3)(
2.0
  hD
x
bot exNu    9500Re2300   (7) 
 
In the laminar region, Nusselt numbers of heat transfer between air and the top surface, and between 
air and the bottom surface of the BIPV/T channel are as follows:  
8.07.045.68.07.0 PrRe0124.0PrRe6883.0)(
3.0
  hD
x
top exNu        2300Re1190   (8) 
 
6.0477.0458.16.0477.0 PrRe082.0PrRe50)(
3.0
  hD
x
bot exNu            2300Re1190   (9) 
2.1. Experimental results 
A comprehensive series of experiments have been conducted. Different irradiance levels were 
considered as well as wind speeds and the flow rate in the BIPV/T channel was controlled and changed to 
cover a Reynolds number range from 1200 to 10000 and the wind speed was varied parallel to the 
collector. Fig.4. (a) compares the thermal efficiencies of the BIPV/T collector with different wind speed 
on top of the PV surface. As expected, with increasing wind speed, the thermal efficiency is reduced.  
In the original BIPV/T system, four steel bars were placed immediately under the amorphous PV 
module to support its weight. Later, these bars were removed from the collector. The impact of these steel 
support on the thermal efficiency of the BIPV/T system is illustrated in Fig.4. (b). It can be seen that with 
the steel bars acting as fins, the thermal efficiency of the BIPV/T system is increased. 
 
Fig.4. (a) Thermal efficiencies of the BIPV/T system at different wind speeds, with a tilt angle of 45 degrees and incident solar 
radiation of 1080W/m2; (b) Thermal efficiency of the BIPV/T system affected by the steel bars under the PV module, when the tilt 
angle is 45 degrees, the incident solar radiation is 1080W/m2 and the average wind speed is 1.6m/s 
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3. Numerical modeling and verification 
3.1. Mathematical model 
The mathematical model for the BIPV/T system is based on a simplified model of the amorphous 
silicon photovoltaic module. As shown in Fig.5(a), from top to bottom, the layers of the amorphous 
photovoltaic module are Tefzel (encapsulation material), anti-reflective coating, silicon, backing 
substrate, Tefzel, adhesive and steel sheet. In a typical control volume as shown in Fig.5(b), the layers 
under silicon are combined as one layer. A set of energy balance equations are written for the components 
in the BIPV/T system. 
 
 
Fig. 5. (a) Composition of the amorphous PV module attached to steel roof layer; (b) Temperature nodes of the BIPV/T system 
(white layer indicates flowing air, Tplate is the temperature of the steel sheet) 
 
For the temperature node on the outer surface of the PV module 
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For the PV node in the middle of the PV module 
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For the temperature node on the bottom of the PV module 
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For the temperature node on the insulation surface 
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For the air passing through the control volume 
 
wdxTThwdxTThTTcm airinsubotairplatetopinoutp   )()()(  (14) 
 
3.2. Validation 
Numerical simulations were performed using the model described above and compared against 
experimentally measured data, as shown in Fig.6. The operating conditions are: 1080W/m2 of solar 
radiation, 1.6m/s of average wind speed and 1.5m/s of air speed in the BIPV/T cavity. 
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Fig. 6. Comparison between calculated and measured temperatures in the BIPV/T system 
4. Results 
A two-inlet BIPV/T system was studied based on the validated model. The inlet air flow of the second 
section is a mix of the outlet air of the first section and the ambient air, and its value should be adjusted. 
Also, the local Nusselt number in the second section should begin with its own inlet. 
By using the 2-inlet BIPV/T system, the thermal efficiency is increased by 5.7%. Although the 
electrical efficiency increase is marginal, it can be seen in Fig.7 that the peak temperature in the 2-inlet 
system is lower than that of the 1-inlet system, which means that PV degradation with high temperature is 
reduced in the 2-inlet system. The addition of a vertical glazed solar air heater will increase the thermal 
output of the whole system, especially in low latitude areas where the winter sun is low.  
The effect of using a glazed solar air heater is presented in Fig.8. Both figures show that using wire 
mesh in the glazed solar air heater will increase thermal efficiency. However, the fan power consumption 
in the wire mesh packed system increase noticeably when flow rate is increased, resulting in a decrease in 
electrical efficiency.   
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Fig.7. Comparison of the temperatures of the 1-inlet and 2-inlet BIPV/T systems 
 
 Fig.8. (a) Thermal and electrical production in a one-inlet BIPV/T system with the glazed solar air collector with or without wire 
mesh; (b) Thermal and electrical production in a two-inlet BIPV/T system with the glazed solar air collector with or without wire 
mesh 
5. Conclusion 
A prototype BIPV/T system consisting of a single inlet was experimentally studied in a full scale solar 
simulator. The influence of wind speed on the thermal efficiency of the BIPV/T system was studied. With 
higher wind speed, the thermal efficiency of the BIPV/T system is reduced. Addition of structural support 
steel bars in the BIPV/T collector channel was shown to increase the thermal efficiency of the BIPV/T 
system by acting as fins to dissipate heat into the flowing air.  
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A control volume model for the BIPV/T system was developed and validated with experiment results. 
This model was used to study the performance of a BIPV/T system with two inlets. The two-inlet design 
increases thermal efficiency by up to 5% and increase electrical efficiency marginally. It was found out 
that by using two inlets, the peak temperature of the PV module is reduced, and this will reduce the 
degradation of the PV module. 
A vertical glazed solar air collector was connected to the end of the BIPV/T system, for the purpose of 
increasing thermal efficiency in winter. By adding wire mesh in this section, thermal performance is 
further increased significantly, particularly for heating applications in the winter when solar altitude is 
lower. 
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